We have developed a novel scanner for breast cancer detection, integrating both thermoacoustic and photoacoustic techniques to achieve dual contrast ͑microwave and light absorption͒ imaging. This scanner is nonionizing, low cost, and can potentially provide high-resolution, dual modality threedimensional images of the breast. The scanner uses front instead of side breast compression and dry instead of gel ultrasonic coupling. Here we present the design of the breast scanner along with initial tissue phantom study results as a precursor to an actual patient study.
I. INTRODUCTION
Breast cancer is currently the second leading cause of cancer deaths in women ͑after lung cancer͒ and is the most common cancer among women, excluding nonmelanoma skin cancers. One woman in eight either has or will develop breast cancer in her lifetime. In 2007, there were an estimated 178 480 new cases of breast cancer among females, and 2030 new cases among males. An estimated 40 460 females died of breast cancer, as did 450 males. Breast cancer is the most common cause of death in women between the ages of 45 and 55. Early diagnosis and treatment are the keys to surviving breast cancer. 1 With advances in screening, diagnosis, and treatment, the death rate for breast cancer has declined by about 20% over the past decade, and further research is ongoing to develop even more effective screening, diagnosis, and treatment programs.
Diagnosis of early breast cancer depends on the recognition of subtle changes in breast tissue properties, such as mechanical properties ͑hardness͒, optical absorption, radio frequency ͑rf͒ absorption ͑change in ion and water concentrations͒. Treatment is more likely to work well when cancer is found early. At present, x-ray mammography is the only mass screening tool used for detecting nonpalpable breast cancers. However, there are a few limitations of mammography. 2 The use of ionizing radiation ͑x ray͒ limits the frequency of mammographic screening. Despite using low doses of radiation, repeated x-ray exposure can cause problems. Further it is difficult to image dense glandular tissue and the region close to chest wall or underarm. And finally, very early stage tumors that do not yet exhibit microcalcifications cannot be imaged.
Sonographic examination of the breast has recently come to maturity with the advent of high-frequency multielement linear-array transducers. Ultrasonography is now routinely used in breast imaging centers as an essential complement to physical examination and mammography for the evaluation of breast masses, and as a tool to guide breast interventions. However, ultrasound specificity in breast cancer detection is limited by the overlapping acoustic characteristics of benign and malignant solid lesions ͑poor soft tissue contrast͒. Current ultrasound scanners can detect and resolve breast lesions a few millimeters in size. Ultrasound may miss tiny nonpalpable breast tumors because they have low acoustic contrast, or because of operator variability. 3 Magnetic resonance imaging ͑MRI͒ offers improved tissue characterization over other imaging modalities. Contrastenhanced MRI is increasingly used as a complementary diagnostic modality in breast imaging. 4 Although the sensitivity of breast MRI in the detection of malignancy has consistently been reported to be excellent, the specificity has been rather variable. Study protocols and imaging techniques are not standardized yet, and still there is a great deal of uncertainty about the role of MRI in clinical practice. Moreover, MRI is the most expensive of the current breast imaging modalities and requires the use of contrast agents which are not innocuous. Furthermore, conventional MRI gives only morphological information.
To overcome some of these difficulties, we have developed a breast screening modality that combines nonionizing radio frequency ͑rf͒ electromagnetic waves and a visible/near infrared ͑NIR͒ laser for the early breast cancer screening based on thermoacoustic/photoacoustic tomography ͑TAT/ PAT͒. The rf contrast between malignant tumor tissue and normal human breast tissue is about a factor of 4.
5 A more recent study has shown the dielectric-properties contrast between malignant breast tissues and normal adiposedominated breast tissues is large, ranging up to 10:1. 6 Extra water and sodium in the tumor tissue cause the enhanced dielectric property of the malignant tumor tissue. 7 The dielectric properties of malignant tumors show no significant variation with tumor age, 8 suggesting that a large contrast could exist even at earlier stages of tumor development. This large contrast is the primary motivation for our research on TAT, which measures the conductivity contrast. In comparisons, x-ray contrast is typically only a few percent among soft tissues. TAT combines the advantages of pure-ultrasound and pure-rf imaging. 9, 10 Traditional imaging technology with pure ultrasound ͑ultrasonography͒ offers satisfactory spatial resolution but poor soft-tissue contrast, 11, 12 pure-rf imaging provides good imaging contrast but poor spatial resolution. [13] [14] [15] [16] Despite its near-field operation, the best spatial resolution in pure-rf imaging is on the order of 10 mm, whereas the achievable resolution in pure-ultrasound while imaging is on the order of 1 mm. TAT bridges the gap between them by physically integrating ultrasound and rf and provides both satisfactory spatial resolution and high softtissue contrast. In fact, we have already demonstrated highresolution ͑0.5 mm͒ deep tissue imaging using TAT. 17 The combined high resolution and high contrast holds promise for early breast cancer monitoring.
PAT overcomes the limitations of other optical modalities and combines optical contrast with ultrasonic resolution. In PAT, the contrast is related to the optical properties of the tissue, but the resolution is not limited by optical diffusion from multiple photon scattering. We have shown experimentally that the spatial resolution is bandwidth-and diffractionlimited by the photoacoustic waves because ultrasonic scattering is weak compared with optical scattering. 18, 19 Optical technique is a unique noninvasive technology for imaging and quantifying vascularization, and especially oxygen saturation of breast tumors. These features are associated with angiogenesis and hypoxia, which are two correlates of breast malignancy. Furthermore, there is an intensified effort to produce extrinsic absorbing and fluorescent probes, especially for the NIR region, that target physiologic and genetic responses. [20] [21] [22] These probes could increase cancer contrast and target specific gene expression that could eventually improve early detection limits and specificity. The optical absorption contrast due to both oxy-and deoxy-hemoglobin relative to the background can be as high as 10:1 or even 100:1, depending on the optical wavelength. 23 Therefore, PA imaging may have a major role in breast cancer research and detection by assessing functional and molecular cancer characteristics.
I.A. Motivation for combining TAT and PAT
TAT and PAT are capable of giving additional information such as water/ion concentration, blood volume, and oxygenation level of hemoglobin. Because these parameters can change during the early stages of cancer, the combined TAT and PAT can potentially enhance early stage cancer diagnosis ability. Integrating the two modalities in a single system will have the following advantages: ͑1͒ It will reduce the image acquisition time, ͑2͒ it will be cost effective, and ͑3͒ acquiring two images in the same setup avoids moving and realigning the patient all over again. Moreover, TAT and PAT are both highly compatible with ultrasonography as they share the same ultrasound detection system. Therefore, in the future, ultrasound pulse-echo imaging can also be incorporated very easily into this system.
II. SYSTEM DESCRIPTION
In x-ray mammography the breast is compressed from the sides to reduce the thickness so that x-ray penetrates well. This compression causes some discomfort for the patient. Moreover, one needs to take a mammogram from different angles to interpret the images accurately. Our breast scanner is designed to minimize the compression pain. The breast is compressed from the front ͑nipple side͒ to give it a cylindrical shape. This technique has advantages in three ways. First, transducers can scan around the cylindrical breast for a full 360°and along the length to obtain a full three-dimensional ͑3D͒ data set. Full 3D reconstruction can be done to view the breast in 3D. Second, compression from the front is less painful than one from the side. Third, microwave/laser irradiation from the front of the cylindrically compressed breast can potentially penetrate deep enough to image near the chest wall.
A cylinder made out of low density polyethylene ͑LDPE͒, which has low ultrasound absorption and an acoustic impedance close to that of water ͑ϳ1.5 at room temperature͒, holds the compressed breast. LDPE minimizes the loss of ultrasound signal due to a mismatched boundary. Figure 1͑a͒ shows the schematic diagram of the scanner. The breast is inserted into the front opening of the scanner. A supporting plate made of acrylic pushes the breast from the rear opening of the scanner to obtain a cylindrical shape. After the compression, a brass retaining ring holds the supporting plate in position. The microwave/laser source is kept behind the scanner, and a horn antenna is pushed inside the scanner from the opening to irradiate rf/light on the compressed breast. An aluminum cylinder ͑rotating cylinder͒ with many holes holds the ultrasonic transducers around the breast holder cylinder. During data collection, the rotating cylinder is turned by a worm-gear mechanism and a stepper motor. The whole setup is mounted inside a stainless steel frame filled with mineral oil that facilitates the coupling of ultrasound to the transducer and also lubricates the worm gear. The scanner is placed on a height-and angle-adjustable metal frame. Figure 1͑b͒ shows how a patient will be positioned, sitting on a chair and leaning onto the scanner.
The microwave/laser assembly is placed on the backside of the scanner behind the support plate. We illuminate the breast by either microwave or laser alternately for TAT/PAT. The microwave is delivered to the breast using a horn antenna, whereas the laser is delivered by a free space optical assembly. Some parts of the laser illumination system are incorporated inside the microwave horn antenna. As a result, we do not need to mechanically switch between the microwave and laser sources. The switching is electronic and instantaneous-once a TAT image is collected using microwave illumination, the microwave is switched off and the laser is switched on electronically to collect a PAT image. To be more precise, we have placed a prism and a ground glass plate inside the microwave horn antenna. Both are nonmetallic and therefore will not affect the microwave illumination. A drilled ϳ10-mm-diam hole in one narrow wall of the horn antenna delivers the light. The laser beam is broadened by a concave lens placed outside the hole on the horn antenna, then reflected by the prism, and homogenized by the ground glass. Figure 1͑c͒ shows a schematic diagram of the integration of the light delivery through the horn antenna.
II.A. Microwave source
A 3.0 GHz microwave source produces pulses of width 0.5 s ͑with a repetition rate of up to 40 Hz. The breast is illuminated using an air-filled pyramidal horn type antenna ͑WR284 horn antenna W/EEV flange, HNL Inc.͒ with an opening of 7.3ϫ 10.7 cm 2 . The pulse energy is estimated to be around 10 mJ ͑=20 kWϫ 0.5 s͒ ͑within the IEEE safety standards 24 ͒. The support plate and the breast are separated from the opening of the antenna by about 1 cm, which is much less than the 10 cm microwave wavelength in air. Therefore most of the microwave energy either goes to the sample or gets reflected back to the horn antenna. Since the horn antenna is made of good conducting material with the only opening at the end facing the breast, most of the microwave energy is deposited into the breast even if microwave reverberation, due to impedance mismatch, exists between the breast and the horn antenna. Because the speed of the electromagnetic ͑EM͒ wave is so high, pulse broadening due to any reverberation is negligible. Therefore, the spatial resolution of TAT is not compromised.
The horn antenna is designed to transport the TE 10 mode of EM waves, so the electric field is parallel ͑or nearly parallel for a horn͒ to the surface of either narrow side ͑y polarized in our system͒ and approaches zero near the inner surface of either narrow wall. By contrast, the electric field is nonzero near the surface of either wide wall. Therefore, opening the light delivery hole on the narrower side of the horn antenna ͑or waveguide͒ minimizes power leakage.
II.B. Laser source
A Q-switched Nd:yttrium-aluminum-garnet ͑YAG͒ laser with a repetition rate of 10 Hz provides 6.5-ns-wide ͑@1064 nm wavelength͒ laser pulses. The laser system can provide 850 mJ maximal output energy at 1064 nm wavelength. The laser is operated at this wavelength for maximum penetration into tissue. In this spectral region, absorption of melanin is relatively low and is not expected to limit the delivery of light into the breast, even for African American patients, as demonstrated in a previous study of diffuse optical imaging of the breast. 25 The laser beam is expanded by a concave lens, homogenized by a ground glass, and then directed onto the breast. This type of beam expansion scheme has been used extensively before. 17, 26, 27 The incident laser fluence on the tissue surface is controlled to Ͻ20 mJ/ cm 2 to conform to the American National Standards Institute standards. 28 
II.C. Detection of ultrasound
For detecting the ultrasound signal, 13-mm/ 6-mm-diam active area nonfocused transducers operating at 2.25 MHz central frequency ͑ISS 2.25ϫ 0.5 COM, Krautkramer͒ are used. The transducers are scanned around the sample a full 360°to collect data at different angular positions. The signal is first amplified by a low-noise pulse amplifier ͑5072PR, OlympusNDT͒, then filtered electronically, and finally recorded using a digital data acquisition card ͑14 bit Gage Card͒. When microwave is the illumination source, a delay/ pulse generator ͑SRS, DG535͒ triggers the microwave pulses and synchronizes the data sampling of the Gage Card. On the other hand, during laser illumination the sync out of the laser system synchronizes the laser pulses and the data sampling of the Gage Card. Currently a two channel Gage Card is used for data collection thus two transducers are used simultaneously to get the data. In the future, we plan to use a 32 channel parallel data acquisition system. There are various reconstruction algorithms that can be used to reconstruct the PAT/TAT images from the raw data. 19, [29] [30] [31] [32] [33] Here, a delay and sum ͑backprojection͒ algorithm is used for all image reconstruction. Figure 1͑d͒ shows a photograph of the system.
III. RESULTS AND DISCUSSIONS

III.A. Integrating PAT/TAT
TAT and PAT have been separately used for tissue imaging by many groups. 9, 17, [29] [30] [31] [34] [35] [36] [37] [38] [39] However, these two modalities have never been combined before in a single system for breast imaging. To substantiate our new design of integrating optics with the microwave horn antenna, we performed the following experiment. Four water-based agar gel cylinders with ϳ10 mm diameter and ϳ10 cm length were placed inside a mineral oil bath, and images were acquired. Figure 2 shows the reconstructed images under different conditions. Figure 2͑a͒ shows the original image with no optical device inside the microwave horn antenna. Figure 2͑b͒ shows the image acquired when we put a prism inside the horn antenna. Figure 2͑c͒ shows the image acquired after a hole of 5 mm diameter was drilled in the horn antenna, with no optical devices placed inside. Figure 2͑d͒ shows the image obtained with the hole in the horn antenna and the prism placed inside. We can clearly see all four embedded objects with similar maximum signals ͑note that the gray scales are the same͒, except for some small background variations. From these four figures, we conclude that inserting the prism inside the horn antenna and drilling a hole in the sidewall do not cause much of signal loss or image distortion. These experimental results strongly support the placement of optical components ͑here, the prism and the ground glass plate͒ inside the horn antenna to deliver light, and as a result we are able to integrate both light and microwave delivery.
III.B. Dry coupling
Unlike conventional ultrasound imaging, where coupling gel is used between the body and the ultrasonic transducer, we will be using dry coupling. Since the cylindrically compressed breast will be held tightly inside the LDPE breast holder, there will not be a large air gap to hinder ultrasound propagation. To test the feasibility of dry coupling we have used a thin rubber balloon filled with mineral oil as a breast model. We put the balloon inside the breast holder chamber and then compressed it to a cylindrical shape that fit tightly inside the LDPE breast holder cylinder. This experiment was done with the scanner tilted at 45°. There was a little bit of air gap at the top portion of the breast holder cylinder. Even with this little air gap between the balloon and the breast holder cylinder, when we made a transmission ultrasound measurement around the breast holder cylinder we saw very good ultrasound coupling. Figure 3 shows the transmission ultrasound coupling at different depths of the compressed balloon.
From Fig. 3 we can see that, except near the two ends of the compressed balloon ͓Figs. 3͑a͒ and 3͑g͔͒, the remaining planes have quite good ultrasonic transmission, which means we have good ultrasonic coupling. Even for those few planes where we do not have good coupling, we have good coupling over 80% of the area. Since we do tomography and collect data at different angular positions for reconstruction, losing data over 20% of the area will not affect the reconstructed image.
III.C. Phantom experiments
We tested our system using tissue phantoms. Porcine fat was used as the background medium mimicking the fatty breast tissue, and water-based agar gel was used to model the inhomogeneity ͑target͒ in the background. The target gel objects were made of 2% agar, 2% salt and 96% water. Salt was added to increase the microwave absorption. A total of five target objects of diameter ϳ6 mm were buried inside ϳ7-cm-diam porcine fat. Two targets were made of clear gel. The remaining three targets were made of black gel; the color was obtained by mixing black India ink during the preparation of the agar gel. The location of the target objects inside the base fat is shown in Fig. 4͑a͒ , a photograph of the phantom. The rf absorption contrast between the target gel and the background fat tissue is estimated to be ϳ4:1. The optical contrast between the black target gel and background fat tissue is estimated to be ϳ5 : 1. Both microwave and optical contrast are in the similar range of what we can expect in real human breast. The sample was placed inside the breast holder chamber, and the chamber was then filled with mineral oil, an ultrasound coupling medium. The sample was first illuminated with microwave and then by a 1064 nm wavelength laser.
Figures 4͑b͒ and 4͑c͒ show the reconstructed TAT images with 13-and 6-mm-diam active area ultrasonic transducers, respectively. The contrast and signal-to-noise ͑SNR͒ in the reconstructed images are ϳ3.5: 1 and 34, respectively, for a 13-mm-diam transducer ͓Fig. 4͑b͔͒ and the same numbers for a 6-mm-diam transducer are ϳ2.5: 1 and 20, respectively ͓Fig. 4͑c͔͒. The resolution is calculated to be ϳ1.2 and ϳ0.7 mm for the images obtained by 13-and 6-mm-diam transducers, respectively. Distortion of the TAT images is noted. Although the target object has a circular cross section, the reconstructed images from TAT appear to be split into two objects ͓Fig. 2, Fig. 4͑b͒, and Fig. 4͑c͔͒ . Various factors such as the target object size, conductivity of the target objects, and microwave diffraction contribute to the image distortion. We have reported this phenomenon in detail in another journal paper. 40 Figures 4͑d͒ and 4͑e͒ show PAT images with 13-and 6-mm-diam active area transducers, respectively. The contrast and SNR in the reconstructed images are ϳ4.1: 1 and 64, respectively, for the 13-mm-diam transducer ͓Fig. 4͑d͔͒ and the same numbers for the 6-mm-diam transducer are ϳ3.8: 1 and 27, respectively ͓Fig. 4͑e͔͒. The resolution of the images obtained by both the transducers is calculated to be ϳ0.7 mm. As expected, we can clearly see all five objects in the TAT images ͓Figs. 4͑b͒ and 4͑c͔͒. TAT is based on microwave absorption and all five objects are made of water-based gel that is much more opaque to microwave than the background fat tissue. In contrast, PAT images reveal only three black target objects as the contrast in PAT imaging is dependent on light absorption coefficient. Thus the combination of both PAT and TAT will provide us with more information about the target objects. FIG. 4 . Cross-sectional TAT and PAT images of tissue mimicking phantom obtained from the scanner. Five water-based agar gel targets were embedded inside a porcine fat base. ͑a͒ Photograph of the phantom. Two targets were clear objects and the other three targets were black. ͑b͒ TAT image obtained using 13-mm-diam active area transducer. ͑c͒ TAT image obtained using 6-mm-diam active area transducer. ͑d͒ PAT image obtained at 1064 nm wavelength using a 13-mm-diam active area transducer. ͑e͒ PAT image obtained at 1064 nm wavelength using a 6-mm-diam active area transducer.
IV. CONCLUSIONS
TAT and PAT together can provide additional functional information for the diagnosis of breast cancer. We have successfully integrated the two imaging modalities into one system, making it easier to get an image at the same time. Our system should be much more comfortable for the patient, and we will not need to apply gel or other chemicals on the skin: our system operates with dry coupling. We have also achieved good quality PAT and TAT images on tissue mimicking phantoms. In the future, pure ultrasound pulse-echo images can also be obtained in this modality. Thus we are able to provide multimodality, high resolution, high contrast, and low cost breast images which can be potentially used for early breast cancer detection.
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